Abstract
Introduction
The physiologically relevant oxidation state of copper under reducing conditions, such as that found within cells, is Cu + . 1-3 However, the biochemistry of this ion is particularly challenging to study due to its oxidation under aerobic conditions (∆G˚ = -414 kJ mol -1 ), its complex chemistry in the presence of halides and oxides, 4 and its tendency to undergo disproportionation (Eq 1)
2 Cu Isothermal titration calorimetry (ITC), which directly measures heat flow and is not dependent on photophysical properties to determine thermodynamic information, is an attractive technique for studying Cu + binding reactions. 13 This technique, however, has certain experimental constraints. 14 Specifically, due to the inherent ability of ITC to detect all of the contributions to the heat that is evolved or consumed during a titration, it is necessary to eliminate or account for all chemical and physical processes that are coupled to the binding event of interest. 15 This presents a unique challenge when working with Cu + in aqueous solutions due to its inherent instability to oxidation and disproportionation. While oxidation is easily avoided by conducting the experiment under strictly anaerobic conditions, disproportionation occurs independent of O2 and must be suppressed. In most cases, the error was calculated from the standard deviation of two or more titrations. When fitting GSH titration data in HEPES buffer to a sequential binding model, the standard deviation did not accurately reflect the error associated with the 2 nd binding event.
In Comproportionation Reaction. The comproportionation reactions were carried out anaerobically using copper wire that had been incubated in ethylenediaminetetraacetate (EDTA) for 2 hours to ensure the surface was free of metal ion contaminants. The wire was then washed 3-5 times in Milli-Q water to remove the EDTA and air dried prior to use. For the quantitative reactions, 1.00 ± 0.03 g pieces of the clean dry wire were cut and taken into the glove box; non-quantitative reactions used pieces that were ~5 cm in length. Reactions were set up in the glove box and incubated using a Thermo Scientific Labquake® Rotisserie rotator. One mL solutions containing 25.00 mM CuCl2 and 1.00 g clean copper wire (see (Figure 4 ). These data can be sufficiently fit using a one-site binding model with n = 2 (fit values summarized in Table 1 To verify these results, analogous measurements were made in Tris buffer at pH 8.0 and similar qualitative results were observed. However, the best fit of these BCA  Cu + titrations with a one-site model yields ∆H = -27 kJ mol -1 , which is 10 kJ mol -1 less exothermic than the same titration in HEPES buffer at pH 7.0 (Table 1) . Since BCA lacks an ionizable proton in this pH range, it is unlikely that coupled proton flow is responsible for the difference, suggesting an alternate reason for the enthalpy difference. One difference between Tris and HEPES is the primary amine of the former and the tertiary amine of the latter ( Figure 1) ; this suggests that Tris may be able to compete with MeCN and coordinate the Cu + while HEPES may not for steric reasons. To test this hypothesis, the same titration was carried out at pH 6.0 and 7.0 in BisTris buffer, which also has a tertiary amine. In both cases, the one-site fit values (Table 1) are essentially identical to those obtained in HEPES. Further, titrations in Tris at pH 7.5 and 8.5 give thermodynamic values that are similar to those observed at pH 8.0 (Table 1) . However, a modest trend is observed in the stability, as a three-fold higher affinity is found at pH 7.5 relative to 8.5 (2.2 x 10 6 and 0.8 x 10 6 , respectively). This observation is consistent with the basic form of the Tris primary amine competing for one of the metal coordination sites, although this trend does not show up in the binding enthalpy.
Metal

BCS-Cu + interaction.
BCS has been an important tool in studies of the Cu + affinity of cuproproteins, [5] [6] [7] [8] [9] [10] [11] [12] and it is important to determine the thermodynamics of formation of the Cu Nevertheless, these data were fit to obtain K values for later comparison to stabilities that can be accurately determined Table 2 summarizes the average fits using two different binding models. A one-site binding model provides a reasonably good fit of the data at the beginning of the titration, especially considering the scatter in these points, but fails to accurately capture the steepness of the inflection at 2:1, resulting in an underestimation of K. The other two fit lines in Figure 5 (red and blue) represent two different fits (local minima) that consistently converge using a sequential binding model. The blue line more accurately captures the inflection observed at the 1:1 molar ratio but fails to reflect the steepness of the inflection at the 2:1 ratio. In contrast, the red line is biased toward the steep 2:1 inflection and does not recognize the 'step' at 1:1. The blue fit is somewhat better, according to a residual sum of squares analysis (RSS/DoFblue = 50.5 and RSS/DoFred = 67.75); however, this is largely due to the number of data points leading up to the major 2:1 inflection, and it fails to account for the poor fit of the major inflection. As such, the red model appears to be the more physically appropriate, and the data in Table 2 reflect this fit. due to their firm requirement for a tetrahedral coordination geometry. 24, 25 As summarized in Table 3 should be considered when designing experiments using this ligand for thermodynamic or kinetic studies.
Me6Trien
Me6Trien-Cu + interaction.
Since 
Me6Trien stabilization of Cu + (aq)
These results have shown that Me6Trien can be used as a ligand for Cu + delivery from a complex that is more stable than those with MeCN and avoids ternary intermediates.
Comproportionation preparation of this species is shown by the complete conversion of Throughout this work, three experimental buffers have been used to assess the applicability of these Cu + -stabilizing complexes under a variety of experimental conditions. To test the effects of pH and the buffer, BCA titration data (Table 1) were used, since its interaction with Cu + is independent of pH. 9 No significant differences were observed when the pH was changed from 6.0 to 7.0 with BisTris or when the buffer was changed to HEPES at pH 7.0.
However, a difference of 10 ± 1 kJ mol -1 in the binding enthalpy was found when the buffer was 
Glutathione
Glutathione-Cu + interaction.
Since GSH is the most abundant cytoplasmic thiol in most cells and is reported to have a high affinity for Cu + , 28 it is important to accurately determine the thermodynamics of GSH binding to Cu + . This was investigated with MeCN-stabilized Cu + in Tris at pH 8.0 and HEPES at pH 7.5. Figure 8 shows representative ITC data for the latter and the heat of GSH dilution. In this case, the GSH  Cu + titration fails to reach the baseline established by the dilution titration.
This is most likely due to a second binding event with low affinity and/or low heat that occurs subsequent to formation of the 1:1 complex. Fitting the data to a one-site binding model (black line) provides a reasonable fit with n = 1. However, this model cannot account for the small amount of heat that follows the inflection. All the data can be well fit to a sequential binding model (red line), although large errors are associated with the 2 nd binding event. Evidence of this 2 nd event is not observed in Tris buffer a pH 8, which may be due to Cu + -Tris interaction, as found with BCA and described above.
Using the best fits to the one-site model for comparison (Table 2 ), a significant difference in the binding enthalpy is found between the two buffers (∆Hobs(Tris) = -118.9 ± 0.7 and ∆Hobs(HEPES) = -104 ± 4 kJ mol -1 ). Unlike BCA, GSH binding to metal ions is necessarily coupled with a deprotonation at physiological pH due to coordination of the thiol (pKa = 8.66). 22 Therefore, a careful analysis of all equilibria that are coupled to the GSH-Cu + interaction is needed to account for the difference in net enthalpy. Scheme 2, in which B represents the buffer and x, y, and z are unknown or mixed stoichiometric coefficients associated with Cu + -MeCN species, identifies the major events that occur during this reaction. The proton that is displaced from the GSH thiol (∆H1 = -37 kJ mol -1 ) 22 will bind to the buffer, which generates heat from its protonation, ∆H3; The four-fold difference in K1 between HEPES at pH 7.5 (K1 = 3.2 x 10 5 ) and Tris at pH 8.0 (K = 1.3 x 10 6 ) in Table 2 can be explained by the experimental pH. The pKa of the GSH thiol (8.66) leads to a proton competition factor (Eq 4) of α = 6 at pH 8.0 and α = 15.5 at pH 7.5; accounting for this difference results in the very similar pH-independent binding constants of 7 x 10 6 and 5 x 10 6 , respectively.
Glutathione binding to Cu + (aq)
At pH 7.5 in HEPES buffer there is calorimetric evidence for two GSH binding events, although the second is weak and characterized by large fit errors ( 
